Introduction
DNA molecules have been recognized for a while as promising templates for atomic scale metal structures due to their ability to bind transition metal ions between their oligonucleotide strands and because of the advanced level of their synthetic structural control. 1 The selectivity and binding affinity of natural or artificial nucleobases can be utilized for controlling the metal sequence coordinated to nucleobases inside a DNA double helix, forming a so-called metal-DNA (M-DNA) complex. 2 The metal clusters thus formed inside DNAs are interesting targets due to their specific and controllable conductivity, and magnetic, optical or catalytic properties, emerging from metalligand and metal-metal interactions. The same motivation fueled numerous studies of various homo-and hetero-nuclear transition metal chain or string structures assembled by means of polymeric ligands. 3, 4 In particular, silver clusters show luminescence and low toxicity emphasizing their potential use as biosensors with DNA molecules as naturally biocompatible carriers for such applications. 5 The structural analysis of such systems is scarce 6, 7 and challenging due to the size and complexity of the DNA strands so that often the binding topology is only indirectly inferred. Nevertheless, the knowledge of binding energies, geometries and isomeric and tautomeric variability is mandatory for a better understanding of the chemical binding situation, the analysis of possible formation mechanisms in solution and the design of new compounds of this type. We follow here a bottom-up approach using IR spectroscopic and density functional theory (DFT) analyses of small model complexes in the gas phase 8 which are comprised of two nucleobases mediated by two or three metal ions. 9 Thymine (T) containing DNA strands are prone to dimerize and stabilize by deprotonation (T-H) with a parallel selective uptake of Hg II ions forming neutral (T-H)-Hg II -(T-H) metal base pairs (MBPs), representing one of the best documented examples of specific metal complexation by a nucleobase pair. 7, [10] [11] [12] By vibrational analysis in solution, a Raman ''fingerprint'' band has been identified for the mercury coordinated (T-H) using a thymidylyl-3 0 -5 0 -thymidine (TpT) model compound. 13 On the other hand, DNA strands containing cytosine-cytosine (C-C) mispairs show a tendency to preferentially incorporate Ag I ions in solution forming cationic C-Ag I -C MBPs. 14 Moreover, an appropriate selection of the nucleobases even allows for a coordination of two metal ions per base pair. 9, [15] [16] [17] [18] Within DNAs containing 1-3-dideazaadenine (DDA) or 1,N 6 -ethenoadenine (eA) the formation of the DDA-(Ag) 2 -T 16 or eA-(Ag) 2 -eA 18 metal base pairs (MBPs) has been analyzed using melting temperature measurements, UV absorption and circular dichroism titration techniques. The structure of the related model compounds,
i.e. isolated nucleobase pairs, has been interrogated by accompanying density functional theory (DFT) calculations. Formation of the FU-(Ag) 2 -FU 15 (FU = 5-fluorouracil) and ST-(Ag) 2 -ST 17 (ST = 2(4)-thiothymine) MBPs within DNA duplexes has also been observed and supported by results of electrospray ionization mass spectrometry (ESI-MS). Moreover, a silver dimer mediated metal base pair formation mechanism in aqueous solution for uracil has been recently proposed and explored theoretically. 19 It is characterized by a rate-limiting step which involves the replacement of the N3H proton by a metal ion in the investigated uracil derivatives. 19 In a related comprehensive theoretical study deprotonation of thymine has also been found crucial for the formation of (T-H)-Hg II -(T-H) metal base pairs.
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In detail, the gas phase structure of the DDA-(Ag) 2 -(1MT-H) MBP (1MT = 1-methylthymine) has been recently investigated by one-and two-color IR multiple photon dissociation (1C-/2C-IRMPD) spectroscopy in an electrospray ionization ion trap experiment. 9 In that study, vibrational analysis by DFT led to the assignment of a reversed Hoogsteen base pairing topology mediated by two silver coordinative bridges with likely argentophilic interactions due to the close proximity of the metal units. 20 The deprotonated, 21 protonated 22 or metal-complexed single nucleotides 23 have been well studied by IR and UV gas phase photodissociation. To the best of our knowledge there are no similar IRMPD reports on metal mediated nucleoside pairs. In order to fill this gap we will present in this work the results of the Ag mediated complexes of 2 0 -deoxy-thymidine (dT) which also support the here proposed IR spectral assignments of the Ag/1-methylthymine metal base pairs.
In experimental studies derivatives of thymine have already shown their particular ability to form MBPs mediated by two Ag I centers. 9, [15] [16] [17] [18] These results have motivated us to perform a study of complexes of thymine (or dT) with Ag I ions and explore in detail the structures of their conceivable MBPs. Since the nucleobases reveal tautomerization upon coordination with transition metal ions, 24 we have chosen the thymine molecule methylated at its glycosidic nitrogen (1MT) in order to reduce the number of possible tautomers and binding sites. Moreover, the choice of dT for analogous complexes gives rise to higher fragment yields which is beneficial for the applied action spectroscopy.
In the current study we report on the structure of the cationic BP of 1MT mediated by two and three Ag I ions investigated using IRMPD spectroscopy. The IR spectra are obtained in an ion trap and assigned by comparison with DFT calculations. Furthermore, these assignments are supported by results obtained for Ag I mediated BPs of dT.
Eventually, we present the resulting structures and discuss the possible isomeric forms. The thus obtained geometrical parameters and energetics are essential for a deep understanding of the binding topology and the possible formation mechanisms in aqueous solution of these important building blocks of M-DNAs. They are giving evidence for metallophilic interactions and open perspectives to apply this effect to the design of new M-DNA assemblies.
Experimental and calculation details
The ionic Ag I complexes of 1MT (or dT) were generated by electrospray ionization from a methanol/water (3/1 v/v) solution of 1MT (dT) and AgNO 3 with a stoichiometric ratio of 1 : 2, respectively, at c(1MT/dT) = 0.1 mM. Subsequent ion storage, fragmentation by either collision-induced dissociation (CID) or IRMPD and mass-resolved analysis were carried out in a Paul-type ion trap at ca. 305 K. The silver nitrate compound was of 99.8% purity.
Water and methanol solvents of LC-MS grade as well as the 1MT and dT samples were obtained from Sigma-Aldrich. The experimental setup was described in detail previously. 9 Briefly, it consists of a modified ESI quadruple ion trap mass spectrometer (Amazon-SL, Bruker Daltonics) and an injection seeded 10 Hz Nd 3+ :YAG (PL-8000, Continuum) pumped IR optical parametric oscillator/amplifier (OPO/A) laser system (LaserVision). The sample solution was continuously infused into the ESI chamber by a syringe pump at a flow rate of 2 mL min
À1
and sprayed at a nebulizer pressure of 310 mbar and needle voltage of 4.5 kV. Nitrogen as dry gas was supplied with a flow rate of 3.5 L min À1 at 210 1C. The IRMPD spectra in the 3800-2800 cm À1 and 2000-1200 cm À1 ranges were recorded using the idler and signal minus idler difference frequency waves of the OPA, respectively. The IR spectra were evaluated as F i /(F i + P j ), with F i and P j being the total fragment yield and the parent yield, respectively. Since the IRMPD signal response on the laser fluence is not only species-dependent but also frequencydependent, 9,25 the presented IRMPD spectra were not corrected for laser power unless explicitly stated. Optionally, the idler wave of an additional IR OPO/A (LaserVision/Continuum) was applied to facilitate fragmentation by two-color IR excitation. 9 This probe pulse was typically delayed by 80 ns with respect to the tunable pump IR pulse. Its frequency was fixed in resonance with a selected vibrational transition taking into account the known preexcitation induced broadening and shift of the band (Fig. S7 , ESI †). Typically the probe frequency was shifted a few cm À1 off the one-color band maximum but set to a value within the ca. 10 cm À1 bandwidth. The probe laser intensity was attenuated to the one-color fragmentation threshold. The IRMPD signals were generated using up to 4 laser pulses or pulse pairs per ion cloud. The lasers and the mass-spectrometer were synchronized by a delay generator (SRS DG645). The IR beam path was continuously flushed using a purge gas generator (PG85L, CMC Instruments) to reduce the atmospheric water and CO 2 absorption. Typically the IR experiments were performed at 1-2% relative humidity. The dependence of the IRMPD signal on the laser power was recorded at higher relative humidity (ca. 10%), so that a laser intensity modulation up to 50% due to atmospheric water could lead to perturbation of the related IRMPD band shapes (Fig. S5, ESI †) .
The minimum energy structures, interaction energies and linear IR spectra were calculated at the DFT/B3LYP/aug-cc-pVDZ level as implemented in the Gaussian 09 program package. 26 Related calculations were performed using the dispersion corrected functional B3LYP-D3. 27 The Stuttgart-Dresden effective core potential 28 was applied to the Ag atoms. All optimized isomeric structures represent true energy minima as they were controlled for the absence of imaginary vibrational frequencies. The harmonic vibrational frequencies were scaled by factors of 0.986 9 and 0.954 below and above 2000 cm À1 , respectively. The basis set superposition error was calculated using the counterpoise method. 29 Reaction free energies in water were estimated using the implicit conductor-like polarizable continuum model (CPCM). 30 For these calculations we applied DG(H aq + ) = À1138 kJ mol À1 31 for the sake of comparability with the literature.
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Results and discussion
Mass spectra and fragmentation pattern
An ESI mass spectrum obtained in the cationic mode showing the formation of complexes that are comprised of monomers and dimers of 1MT with various numbers of Ag I ions is depicted in Fig. 1a . All assigned species are singly charged. We will concentrate on the complexes with two 1MT units in this work. Table 1 along with their major fragment channels. The fragmentation patterns obtained by IRMPD at various wavelengths were found to be identical to those obtained by collision-induced dissociation (CID). Difference mass spectra (on vibrational resonance minus off-resonance, Fig. 1b and c) depict the IRMPD effect and assist in the analysis of fragmentation patterns which in turn provide insights into the composition and structure of the subunits of the ions under study. A neutral loss of the intact ligand (1MT) is predominant for [Ag 2 (1MT-H)(1MT)] + (Fig. 1b) . Another fragment channel characterized by chemical disintegration of the ligand becomes discernible by the fragment peak at m/z 204 (formal loss of [Ag(1MT)(NCO)]). In order to rationalize this fragment we assume the formation of the isocyanate anion (NCO À ) coordinated to one silver ion. This is in agreement with the observed dominant loss of HNCO from neutral thymine by VUV or electron impact ionization. 33 The remainder of the ''denaturated''
1MT-H ligand (97 Da, C 5 H 7 NO) may form either an oxazole derivative (e.g. dimethyloxazole) or an open unsaturated structure similar to those discussed for the uracil fragmentation. 34 It is noteworthy that for [Ag 2 (1MT-H)(1MT)] + a dissociation channel prevails in which the two silver ions remain in one fragment, tentatively indicating a conceivable argentophilic interaction, although the DFT calculations of the dissociation energies suggest that splitting of the silver dimer would be feasible (see Table 2 Since the [Ag 3 (1MT-H) 2 ] + complex revealed only a small total fragment yield upon IRMPD, even at the highest laser power and also upon 2-color IR irradiation, some computationally predicted weak IR bands could not be recorded by the IRMPD action spectroscopy scheme. As a remedy, we substituted the 1MT ligands by the nucleoside deoxythymidine (dT The mode is denoted free: n(OH) f . For the isomers with the OH group pointing to the carbonyl of the second ligand (Fig. 2c) , a ca. 110 cm À1 lower stretching frequency is calculated, in agreement with the observation. The calculated HÁ Á ÁO and HÁ Á ÁAg distances for the global minimum structure (isomer ag2433h4, Fig. 2c ) are 341 and 258 pm, respectively. The former value is too large to ascertain a hydrogen bond. Thus the observed n(OH) red shift stems probably from an interaction with the silver atom (hence the notation: n(OH) Ag ). A similar red shift of ca. 120 cm
À1
induced by the proximity of the Ag atoms is calculated for the n(NH) mode of the ag2424h3 isomer (Fig. 2g) . The calculated HÁ Á ÁN and HÁ Á ÁAg distances in this case are 320 and 265 pm, respectively. In contrast to the computationally predicted low energies of the NH, di-keto isomers ( Fig. 2g and Fig. S2h , ESI †), the IRMPD spectra of [Ag 2 (1MT-H)(1MT)] + indicate no considerable abundance of these species. We would expect IRMPD bands of the NH oscillators at around 3300 cm
. However, large anharmonicity prevails for the NH stretching mode under the constraints of the structure as given in Fig. 2g , where the proton is likely delocalized in a quadrupole-like NAgNAg cage. Thus, we expect an anharmonicity-induced broadening and a significant red-shift of the n(NH)
Ag band possibly out of the investigated spectral range. On the other hand, we believe that the stability of the enolic tautomers (calculated Ag-Ag distance is typically r290 pm, Table S1 , ESI †) is underestimated due to the inadequate treatment of the metal-metal interaction at the B3LYP level of theory, which is otherwise well suitable for vibrational analysis. Thus, we applied the 2C-IRMPD scheme in order to improve the signal-to-noise ratio of the related bands. In addition, we planned to discriminate between the two OH rotamers by applying the second laser frequency rotamer selectively which should result in spectral enhancement or depletion of the corresponding bands. The 2C-IRMPD spectra recorded using the laser probe fixed at 3598 and 3488 cm À1 bands are shown with continuous traces in Fig. 2a and b, respectively. Interestingly, they look very similar. All the vibrational bands were enhanced regardless of the probe frequency. However, the 3598 cm À1 probe gave a slightly larger signal enhancement, possibly due to its higher photon energy. This probe scheme also provided a very weak signal near 3260 cm À1 (see magnified trace in Fig. 2a ) which is close to the calculated NH stretch of the already discussed di-keto isomer (Fig. 2g) . However, since no other evidence of this isomer was observed, its identification under the applied experimental conditions remains uncertain. It is noteworthy that the intensity ratio of the isomer-specific OH stretches in the 2C-IRMPD spectra was affected by a larger enhancement of the non-probed OH stretch. In other words, a n(OH) preexcitation of one isomer slightly increased the relative two-color signal of the other isomer. These observations can only be explained in terms of the dynamic equilibrium of the two isomers after vibrational excitation, i.e. an IR induced isomerization. 37 In order to rationalize this behavior we have explored the isomerization process in more detail by DFT modeling of the energy path along the reaction coordinate. A relaxed potential energy surface scan along the OH torsion coordinate of the ag2433h4 isomer was performed at the B3LYP/aug-cc-pVDZ/ ECP level (Fig. 3) . It gave a barrier height of B36 kJ mol À1 which corresponds to a transition state structure with the OH group located on a plane orthogonal to the ring plane. The zeropoint vibrational energy correction reduces the barrier to B32 kJ mol À1 . Moreover, the n(C5C6) and n(C2O) f modes are reported to be The other absorption features below 1500 cm À1 could be assigned to the overlap of several methyl group modes and CH bending modes. The band at 1560 cm À1 is assigned to the in-plane OH bending, b(OH). Interestingly, it is red shifted by B5 cm À1 (which is a small but reproducible value) in the 2C-IRMPD spectrum and parallels the already described relative gain of the n(OH) f band (Fig. 2b) . This finding is in agreement with the calculations of the ag2433h4 and ag2433h4 0 isomers ( Fig. 2c and d) ). In summary, the superposition of two isomers (ag2433h4 and ag2433h4 0 ; Fig. 2c and d) Our calculations reveal two minimum structures with a linear Ag trimer ligated by two (1MT-H) units arranged either in C 2H (trans) or C 2V (cis) symmetry abbreviated ag243342 and ag223344 forms, respectively, (Fig. 4b and c) . In order to explore other possible structures, in particular those with differently arranged metal cores, we carried out a computational geometry optimization of [Ag 3 (1MT-H) 2 ] + with a triangular starting structure known to be the minimum for [Ag 3 ] + . 38 However, this starting geometry eventually converged to the linear metal core (Fig. 4b and c) . The two depicted structures are nearly isoenergetic (calculated energy difference of 0.5 kJ mol
). Both isomers reveal very good agreement with the experimental vibrational spectrum for the carbonyl stretches, being thus not distinguishable by means of IRMPD spectroscopy. In conclusion, we assign the experimental bands at 1580 and 1536 cm À1 to the n(C2O) Ag and n(C4O) Ag modes, respectively. The corresponding calculated normal modes are collective vibrations involving both ligands with most significant contributions located at the denoted bonds (Fig. S4 , ESI †). The n(CO) Ag modes of [Ag 3 (1MT-H) 2 ] + exhibit a significant red shift of ca. 190 cm À1 with respect to the corresponding free thymine modes. 39 A large fraction of the red shift, 101 and 156 cm À1 (at the B3LYP/aug-cc-pVDZ level, Fig. 4d ), is due to the deprotonation of the 1MT ligands, in agreement with the literature. 11 The rest stems from the CO-Ag coordination.
The weak and broad feature at B1660 cm À1 in the experimental IRMPD spectrum of [Ag 3 (1MT-H) 2 ] + (Fig. 4a, inset) is assigned to the n(C5C6) mode, which is much more intense in the computed, linear IR spectrum ( Fig. 4b and c) than in the experiment. A Gaussian profile fit (Fig. 4a, dashed line) yielded 100 cm À1 width (fwhm) and 1664 AE 13 cm À1 peak frequency.
This value is close to the frequency of the experimental n(C5C6) stretch in [Ag 2 (1MT-H)(1MT)] + (1662 cm À1 ) where one of the two ligands is deprotonated as well. There are no other vibrational bands (in particular within the CH/CH 3 stretch region) by IRMPD under the applied experimental conditions. This observation can be rationalized in terms of the non-linear character of the IRMPD process and by a high dissociation threshold. 40 In the case of the n(CO) Fig. 4a and e) . Additionally, there is a well-defined band at 1648 cm À1 which we assign to the n(C5C6) mode. In this way, we observed all of the characteristic double bond stretching modes of the nucleoside complex, except for the weak bands below 1500 cm
. The experimental IRMPD positions and intensities above 1500 cm
showed an acceptable agreement with the calculated ones for the linear IR spectrum of the ag243342 isomer of the [Ag 3 (dT-H) 2 ] + complex (Fig. 4f) .
Comparison of different complexes and consequences for MDNA formation in solution
We note that a stepwise increase of the number of Ag I ions per per dimer. The stabilization energies of these cations support this statement (calculated for the most significant fragmentation pathways and listed in Table 2 ). Introduction of the third Ag I ion leads to a reduction of the calculated Ag-Ag distance from 282 pm (ag2433h4 isomer) to 274 pm (ag243342 isomer)
suggesting their partial reduction and enhancement of the metal-metal interaction, i.e. possibly through an enthalpic three-body effect. In order to estimate the energetics of this intermetallic interaction we followed the computational approach applied by Bickelhaupt and co-workers to the [DDA-Ag 2 -(T-H)] + MBP. 16 The (1MT-H) and (4H1MT) ligands of the ag2433h4 species were thus rotated by 901 about the N3-Ag bond and by 1801 about the O2-Ag bond, respectively, while keeping other structural parameters frozen. For the ag243342 complex, the (1MT-H) ligands were accordingly rotated around the O4-Ag bonds. In the resulting structures (see ESI †) the ligands are connected via a dimeric or trimeric silver string. The interaction energy was then calculated for the frozen fragments as formed by the cleavage of a suitable Ag-Ag bond. The obtained B3LYP interaction energies for the silver dimer and silver trimer mediated complexes were À48 and À56 kJ mol À1 , respectively. This interaction strengthening correlates well with the Ag-Ag bond shortening when the third metal center is introduced. At the dispersion corrected B3LYP-D3 level of theory these interaction energy values increased to À71 and À70 kJ mol À1 , respectively.
Although the long-range term contributes considerably to the metal-metal interaction, it seems to cancel the 8 kJ mol (Table S2 , ESI †). The studied complexes were prepared by electrospray ionization from aqueous solution. It is an obvious question of concern whether these species are formed or preformed in the solution or whether they result from the spraying and transfer processes. We cannot definitely answer this question by our described experimental means. However, we can explore the thermodynamic possibilities of formation of the observed and related species in solution by calculation of the related energetics and conceivable reaction mechanisms. The available computational models of formation of the thymine MBPs involve a metal ion for the N3H proton substitution as the most energy demanding step. 12, 16, 19 Thus, the formation of (T-H)-Hg II -(T-H) involves proton transfer steps from the bases to the metal ion solvate with transition state energies of up to 69 kJ mol
À1
. 12 A formation pathway is also proposed for the neutral (T-H)-Ag 2 -(T-H) complex in water with the deprotonation barrier of B60 kJ mol À1 at the CPCM-B3LYP/ aug-cc-pVDZ level. 19 Using a similar methodology as in ref. 19 we have examined the formation of the cationic multi-metal mediated 1MT dimers as found in the present work. The Gibbs free energies of selected reaction pathways are summarized in Fig. 5 with the cation-cation reactions being excluded from the consideration. The pathway proposed by Matsui et al. 19 is marked by the dotted arrow A in Fig. 5 . The free energy of reaction for the Ag I /proton exchange via the [Ag(1MT)W] + complex was found to be endergonic with DG = 7 kJ mol À1 , which is lower than the previously reported value of 24 kJ mol À1 . 19 The difference should be attributed to the different basis sets of the Ag atom since the methodology was otherwise the same. Alternatively (Fig. 5, dotted arrow B Table S1 , ESI †). The corresponding population of the NH isomers in solution can therefore be estimated to be below 1%. This finding could in turn explain the lack of observation of the NH isomers in the IRMPD spectra ( Fig. 2) with the additional assumption that the ag2433h4 -ag2424h3 gas phase conversion barrier is too high under the applied ion trap conditions. The latter assumption gains support by the fact that we could not detect a considerable signal of the ag2424h3 isomer even under resonant IR heating (2C-IRMPD) of the ag2433h4 and ag2433h4 0 species (Fig. S7, ESI †) . As a consequence of these mechanistic considerations, the multi-silver mediated T-T mispairing within a DNA duplex would require tautomerization and a metal ion for the proton replacement. This might explain why it is observed that thymine oligonucleotides do not form silver-mediated homo-duplexes, in contrast to e.g. cytosine polynucleotides, at neutral pH. 4 At the considered degrees of metalation we have experimentally identified the MBPs suitable for the MDNA duplex, e.g. ag2433h4 and ag243342. Although even a dicationic MBP, like eA-(Ag) 2 -eA, 18 is known to stabilize the duplex, the charged nature of these MBPs might actually destabilize the MDNA especially in a contiguous MBP arrangement. A design of a silver-rich MDNA based on thymidine is still a challenge and must take this into account. One should also consider that it is energetically more favorable to form a reverse Ag-mediated T-(Ag) 2,3 -T pairing, where the glycosidic sites are arranged in a transoidconfiguration with respect to the N3-N3 axis.
Conclusions
We have investigated the energetic stability of silver mediated 1-methylthymine (1MT) homo-dimers using binding energy calculations and IRMPD experiments. The obtained fragment yields decrease with the number of Ag I ions involved. We have observed and analyzed using DFT and IR dissociation spectroscopy species with two and three Ag + . With this result we also hope to stimulate preparative chemists to approach the targeted syntheses of nucleobase complexes of high metal content. The gas phase UV spectroscopy and ultrafast dynamics of this species are subject to further investigation. 41 
